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Abstract 
Italy is the Europe's leading rice producer, with over half of total production. The high water requirement of rice 
(flooded throughout its growth period) encouraged the introduction of new and more efficient irrigation practices. 
From spring 2012 an intense monitoring activity on three experimental fields located in the Padana plain (northern 
Italy) and characterized by different irrigation managements (traditional flood irrigation, flood irrigation after sowing 
in dry soil, intermittent irrigation) is being conducted, with the aim of carrying out a detailed comparison of the water 
balance for the three treatments. An eddy covariance station was installed between the traditional flood and the 
intermittent irrigation treatments to monitor the evapotranspiration flux (ET). A detailed footprint analysis was 
conducted to determine the position and the size of the footprint area at each time step. Results of the elaboration are 
two discontinuous datasets of half-hourly ET values, each one concerning one of the two treatments. Since, in order 
to compute the water balance for each field, ET must be continuously available throughout the agricultural season, 
Penman-Monteith (PM) type models have been applied to estimate the complete hourly ET data series for the three 
irrigation treatments. Results show comparable values of total ET over the agricultural season for the irrigation 
treatments based on flooding (traditional and after sowing in dry soil), while lower values are found in the case of 
intermittent irrigation. Estimated ET values are in good agreement with the available eddy measurements. 
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1. Introduction 
Rice is of great importance both from a food supply point of view, since it represents the main food in 
the diet of over half the world’s population, and from a water resources point of view, since it consumes 
almost 40% of the water amount used for irrigation. About 90% of global production takes place in Asia, 
while European production is quantitatively modest (about 3 million tons). However, Italy is the Europe's 
leading producer, with over half of total production and a high quality level. The most important rice-
growing region consists of the portion of the Padana plain located east of the Ticino River, straddling the 
regions of Lombardia and Piemonte in northern Italy. 
The most widely adopted irrigation method for rice is based on the almost continuous flooding of the 
fields. To lower the water requirements of the rice crop, several water saving measures are being 
developed in the last years, such as the replacement of the traditional flood irrigation method with flood 
irrigation after sowing in dry soil, or even with intermittent irrigations (i.e. aerobic rice watered by 
surface irrigation or by sprinklers). Studies that aim to compare water fluxes entering and exiting the rice 
agroecosystem and the quality of the production in the case of different irrigation management are still 
rare in the literature and, for this reason, of particular interest. 
Evapotranspiration (ET) is one of the water flows that must be quantified. As regards the ET 
measurement methods, in the past the most commonly adopted were lysimetry and soil water budget. 
More recently, micrometeorological methods have almost completely replaced the older methods, 
because they do not affect the surrounding environment, they permit measurements representative of 
larger surface areas, and the equipment required may be easily installed and removed. Among these 
techniques, eddy covariance is considered the most accurate, direct and defensible approach available to 
date for measurements of water fluxes [1]. Since this technique requires a virtually infinite homogeneous 
field, it is important to conduct a detailed analysis of the footprint to determine the position and the size 
of the area from which the measured flux originates at each time step. This is especially important when 
the ecosystems of interest are inhomogeneous (natural ecosystems) or their extensions are limited 
(agricultural fields). The growing number of flux studies in recent years stimulated publications that 
address footprint modeling. An overview of footprint models is given by [2]. Depending on the 
application purpose of the models, developments in two divergent directions have been pursued: on one 
hand, more and more complex models are developed which are able to include e.g. non-ideal topography, 
spatial heterogeneity, in-canopy flows, and extreme stability conditions. On the other hand, the 
development of analytical models and (semi-) empirical parameterizations aimed at simplicity and 
decreasing computational expense in practical footprint evaluations [3]. 
The possibility to evaluate the area effectively represented by each flux measurement makes plausible 
the idea of installing one eddy covariance station on the edge between different fields. Obviously, this 
choice does not allow to obtain complete ET series for all the fields. These discontinuous datasets, 
however, can be used to validate and eventually calibrate ET models. The available approaches for the 
estimation of ET can be classified in “direct” methods, based on Penman-Monteith (PM) type models, 
and “indirect” methods, based on the product between ET for a well-watered reference grass (ET0) and a 
crop coefficient Kc. Even if the latter approaches are more widely adopted for their practical simplicity, 
many authors show that the former often provide better ET estimates in absence of calibration of crop 
parameters [4].  
The aim of this work was exploring the possibility of using only one eddy covariance system for 
monitoring the heat and water vapor fluxes in two rice environments, flooded and aerobic, located in the 
Padana Plain. Since the results of the monitoring were two discontinuous half-hourly ET data series, data 
were then used to validate hourly ET simulations obtained by using Penman-Monteith (PM) type models. 
796   A. Facchi et al. /  Procedia Environmental Sciences  19 ( 2013 )  794 – 803 
2. Material and methods 
2.1. The Mortara experimental site 
In the agricultural season 2012 a monitoring activity in three experimental field (about 40 m • 80 m) 
located in Mortara (town of Pavia, Fig. 1) and managed by the National Authority for Rice (ENR) was 
undertaken. Each field was selected between two fields characterized by three different irrigation 
managements (flood irrigation after sowing in dry soil, traditional flood irrigation and intermittent 
irrigation, respectively T1, T2 and T3 in Fig. 1). Starting from April 2012 the three selected fields (filled 
with a green colour in Fig. 1) have been instrumented with various devices to quantify the water storage 
and all the entering and exiting water fluxes, with the aim of carrying out a detailed comparison of the 
water balance for the three irrigation treatments. In the context of two projects (BIOGESTECA, founded 
by the Lombardia Regional Authority and POLORISO, founded by the Ministry of Agriculture and 
Forestry) the monitoring activity will continue also in the agricultural seasons 2013 and 2014. 
The rice cultivar was Gladio type. The sowing date was 15/05 for the intermittent (T3) and the flood 
after sowing in dry soil (T1) irrigation treatments, while it was 28/05 (13 days later) for the traditional 
flood irrigation treatment (T2). The harvesting date was 21/09 for all the fields. The T3 treatment was 
watered by surface irrigation 9 times during the season (every 7-10 days). The T2 treatment was seeded in 
dry soil and then flooded one month later. Water was removed in the period 11/07-14/7 to conduct some 
operations and then definitively on 06/09. The T3 treatment was flooded before seeding on 25/05 and 
then water was removed to conduct various operations 7 times before the definitive one (on 06/09). Soils 
in the site are mainly silt loam, with a bulk density of the plugged horizon around 1.4-1.5 g cm-3. 
The general monitoring scheme was almost the same for the three fields (Fig. 1), with the only 
exclusion of the soil water content probes (EnviroSCAN Sentek), not installed (or installed and removed) 
in the case of the flooded rice fields. 
 
Fig. 1. Position of the Mortara site, experimental design and instruments installed 
A 3D sonic anemometer (Young RM-81000) and an infrared gas analyzer (LI-COR 7500) for the 
measurement of energy and gas (H2O, CO2) exchanges were installed in mid-July 2012 on the narrow 
embankment separating the two irrigation treatment T3 (intermittent irrigation) and T2 (traditional 
flooding method), as shown in Fig. 1. This choice was done to verify the possibility of using only one 
eddy covariance system for monitoring heat and water vapor fluxes in different rice environments, and 
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also because the experimental fields have a limited size, thus we preferred to position the instruments at 
the edge between two irrigation treatments to double the homogeneous surface for each treatment (i.e. at 
that way two replicates of the same irrigation treatment were located at the two sides of the station). 
Instruments were held at about one meter over the canopy along the whole monitoring period (18 July – 
21 September 2012). Net radiometers (Kipp & Zonen CNR-1) and devices for the measurements of the 
soil heat flux were installed in both fields. In particular, one heat flux plate (Hukseflux HFP01) for each 
irrigation treatment was installed at 8 cm below the soil surface. To calculate the ground heat flux at the 
soil surface (G, in W m-2), two couples of two soil thermocouples (ELSI) installed at 2 and 6 cm were 
positioned in the intermittent irrigation treatment (T3) for the computation of the storage term (ǻG) in the 
soil. The G calculation needed an accurate set-up on the flooded rice field. In particular, the challenge 
was the measure of the storage term (ǻG) in the water. To do that, in addition to a couple of soil 
thermocouples placed at 2 and 6 cm below the soil surface, also the water temperature and the water level 
in the field T2 were measured over time by means of a pressure transducer (Keller). A thermohygrometer 
(Vaisala) completed the installation. Half hourly eddy covariance data were post-processed using the TK2 
software [5]. 
All instruments were connected to data acquisition systems located near the middle of each 
embankment, consisting of power supply (solar panel and battery) and data-logger connected wireless to a 
station with a web connection located in the ENR offices. In order to facilitate the remote check of the 
data time series acquired, a Java interface was developed to enable an easy visualization.  
In addition to the continuous monitoring, periodic measurement campaigns (11 dates) were carried out 
to monitor the crop evolution (leaf area index, crop height, roots depth). Fig. 2 shows the crop height and 
the leaf area index (measured by a LP-80 AccuPAR Ceptometer) for the three irrigation treatments. Rice 
in the case of intermittent irrigation was lower, but in particular it was characterized by a lower LAI. 
 
 
Fig. 2. Crop height and leaf area index for the different irrigation treatments 
Standard meteorological variables (rainfall, radiation, temperature, humidity, wind speed, wind 
direction) were measured on hourly time step over a grass canopy by a station of the regional 
meteorological network (ARPA), located in the ENR center about 100 m from the experimental fields. 
2.2. The footprint function 
The mathematical framework of the Kormann and Meixner footprint model [6] is a stationary gradient 
diffusion formulation with height-independent crosswind dispersion. A key step in obtaining an analytical 
solution for the footprint function is the use of power law profiles for the vertical distribution of wind 
velocity and eddy diffusivity. The model determined the profile parameters by equating the power law 
with the commonly used logarithmic profile functions of the Monin-Obukhov similarity theory at the 
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measuring height. The resulting two-dimensional footprint function for the flux measurement height zm 
can be written as an explicit algebraic relation 
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The second part represents the crosswind-integrated longitudinal distribution while the first part 
describes the Gaussian crosswind distribution. The functional parameters A-E are fully determined by a 
set of five input quantities, namely the measurement height zm, the horizontal wind velocity u(zm) at that 
height, the friction velocity u*, the standard deviation of the lateral wind sv, and the Obukhov length L.  
The parameters can be obtained by an EC measurement with a sonic anemometer. The zm here 
represents the effective aerodynamic height of the sensor above the ‘active surface’. It corresponds to the 
geometric height above ground minus the so-called displacement height d. The latter is usually estimated 
as a fraction of the canopy height [7]. The footprint calculation is limited to cases with dimensionless 
stability zm/L in the range from - 3 to +3 as used by [6]. The vertical diffusion in the footprint model is 
based on Monin-Obukhov similarity theory, which is restricted in a strict sense to -1<zm/L<+1. However, 
a reasonable applicability for an extended stability range has already been proposed by several authors 
(e.g. [8]; [7]). 
2.3. Footprint contribution of different fields 
Recently Neftel et al. [3] presented a user-friendly tool for footprint calculations of flux measurements 
in the surface layer. The calculations are based on the analytical footprint model by Kormann and 
Meixner [6]. In that tool, in order to attribute measured fluxes to specific ecosystems, the two-
dimensional footprint function, determined for each (half-hourly) flux, was combined with information 
about the spatial distribution of vegetation types and/or land-use. This spatial information has to be 
provided as a set of quadrangle areas. The four corner coordinates of these areas (e.g. agricultural fields) 
must be specified in an arbitrary two-dimensional Cartesian coordinate system adopting a counter-
clockwise sequence. The fields do not need to be rectangles, but all interior angles need to be smaller than 
180°. The location of the EC sensor has to be specified in the same coordinate system. 
The integral footprint contributions of the user-defined surface areas are then computed. For this 
purpose, the footprint density function (Eq. 1) is evaluated for a grid with a fixed number of points: 200 
points along-wind times and 100 points in crosswind direction. The grid spacing is individually adjusted 
to the extension of the footprint. The longitudinal and lateral width of the considered grid domain is set to 
the distance where the footprint function drops to below 1% of its maximum. This dynamic modulation of 
the domain ensures that most of the footprint is captured as well as an efficient calculation over a wide 
range of footprint dimensions. It was shown by [9] that the Kormann and Meixner model shows generally 
a good performance but tends to overestimate the far upwind tail of the footprint function when compared 
to a Lagrangian model taking into account a more complex turbulence structure. Also [6] expected a 
slight overestimation by their model from mathematical considerations. In the opinion of [3], this effect is 
mitigated by the chosen limitation of the footprint domain. Next, the gridded footprint information is 
rotated into the wind direction and overlaid with the quadrangle polygons representing the field limits. 
For each quadrangle, the footprint density of all grid points lying inside is summed up, yielding the 
integral footprint contribution of the respective field. It is given as a fraction of the total integral of the 
footprint function over the considered domain. 
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2.4. Penman-Monteith type models for ET estimation 
The bibliographic review of the more recent papers focused on the estimation of the ET flux over rice 
showed the PM modified FAO-56 single crop coefficient method [10] to be the more widely adopted 
(e.g., [11]), while almost no researchers recently applied direct PM type models. Anyway, many authors 
(e.g., [12]) stress that if the crop coefficient (Kc) cannot be determined locally, models directly applying 
the PM formula provide better estimates than indirect methods. Since in our case Kc cannot be retrieved 
from the data available at the moment, we preferred to select a direct approach for the estimation of ET.  
For the direct application of the PM type models, climatic data (air temperature and humidity, wind 
speed, net radiation) must be available above the canopy of interest. In the absence of the complete set of 
such data for the agricultural season 2012 (i.e. the eddy covariance system had been functioning for two 
months from 18/07 to 21/09), we used the hourly data monitored by the ARPA meteo station, after 
applying the adjustments suggested by [13] to relate the meteorological data monitored over a standard 
grass cover to those expected over a certain canopy. These adjustment are based on the aerodynamic 
properties of the canopy of interest with respect to those of the reference grass (i.e. crop height), and on 
the adoption of a linear regression with empirical coefficients typical for the specific crop to estimate the 
net radiation (Rn) from the global radiation (Rg). In the case study, a preliminary estimation of the soil 
heat flux (G) as 0.1 Rn during daytime hours (Rn>0) for all the irrigation treatments was also applied. 
In this research, it was crucial to estimate separately three types of flows: the transpiration from rice 
crop, the soil evaporation and the evaporation from the water covering the soil in the case of flooded rice 
fields. To compute the first two fluxes, the “double layer” Shuttleworth and Wallace ([14], [15]) PM type 
model was selected. The same model had been applied to a maize agroecosystem in Lombardia in a 
previous exercise, providing satisfactory results ([4]). For the "third layer" (i.e. evaporation from the 
liquid surface), the soil evaporation equation of the SW model was reconducted to the general Penman 
equation ([16], [17]), as modified by [18]. 
3. Discussion and results 
3.1. Meteorological conditions, measured fluxes and footprint contribution of the two fields 
Fig. 3 shows the meteorological parameters measured by the eddy covariance station during July 2012. 
Net radiations (Rn) show clear sky conditions for almost all the period, with some exception for instance 
in day 06/08. The time series of Rn are very similar for the two irrigation treatments, even if slightly 
higher values can be observed in the case of T3. It is difficult to highlight a prevailing wind direction in 
the site, although it appears quite clearly that in the central hours of the day often the wind blows to the N, 
NE directions, transporting to the eddy station fluxes mainly generated by the irrigation treatment T3. 
Often early in the morning and late in the afternoon the wind regime changes and wind blows in the 
opposite direction (S, SE, SW). In these cases, the measured fluxes come mainly from the treatment T2. It 
is not uncommon, however, that in some days even in the central hours the wind blows to S (for instance, 
considering the period shown in Fig. 3, it is the case of days 02/08, 05/08-07/08, 26/08 ). 
The observed wind direction distribution allows us to achieve our goal, namely to have different time 
steps in the season for which the measured fluxes come from one or the other of the two irrigation 
treatments. The values of wind speed u(zm) confirm the low wind conditions typical of the Po Valley, 
especially at night, as shown in [12]. This leads to strong stability conditions during the night (zm/L 
sometimes assumes very positive values). Conditions of severe atmospheric instability (values of zm/L 
very negative) can be observed sometimes during the daytime hours. 
The contributions to the footprint area of the irrigation treatments T3 and T2 were calculated as 
800   A. Facchi et al. /  Procedia Environmental Sciences  19 ( 2013 )  794 – 803 
reported in Section 2 and shown in Fig. 3. It can be noticed that the time steps characterized by a strong 
contribution of one of the two treatments are well in agreement with the wind directions already discussed 
in this Section. For instance, during the central hours of the day 26/08 wind blows mainly to the S 
direction and the contribution of the T2 treatment is very high. Conversely, during the central hours of the 
day 31/07 the wind blows to the N direction and the flux measured by the eddy station comes mainly 
from the T3 treatment. The fact that in many time steps the contribution to the footprint of one of the two 
irrigation treatments is very high (>90%) confirms that the height of installation of the eddy 
instrumentation (about 1 m above the canopy throughout the measuring period) was adequate. 
Figure 3 finally shows the fluxes measured by the eddy covariance station. The sensible heat flux (H) 
seems to be consistent with what expected, both from the temporal pattern and the absolute values point 
of view. In particular, values are always low (<100 W m-3), and this can be explained by the fact that, 
regardless of the irrigation treatment, soils are always in optimum water conditions. This values are well 
in agreement with what reported by other authors working on paddy fields (e.g., [19]). 
 
 
Fig. 3. Time series of meteorological parameters measured by the eddy station, parameters calculated as input for the footprint 
calculation,  footprint contributions (T3, T2, other fields) and measured fluxes (LE, H, G) for the period 31/07 – 30/08 
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Conversely, the measured latent heat flux (LE) shows a consistent temporal trend, but the values seem 
to be low (they reach at maximum 300-400 W m-2, very low values for the Padana plain conditions). 
Unfortunately, this result is certainly due to the need to calibrate the gas analyzer, operation performed 
last time in 2009. The sonic anemometer, just recalibrated, provided reliable H values.  
The last graph of Fig. 3 shows the temporal series of the heat flux at the soil/water surface (G), 
calculated for the two treatments as briefly introduced in Section 2. The high heat capacity of water leads 
to high G incoming and outcoming values when the T2 irrigation treatment is covered by water (during 
the period shown in Fig 3 the field was dry only between days 31/07 and 02/08). The estimated G fluxes 
are in good agreement with those reported in other studies (e.g., [19]). 
The daytime time steps (Rn>0) in which the contribution to the footprint is greater than 90% for the 
treatment T3 and T2, are found to be respectively 14% and 8% of the total. The slope of energy balance 
closure equation (Rn-G versus H+LE) for those time steps, was respectively 0.47 (R2=0.76) for the T3 and 
0.58 (R2=0.78) for the T2 treatments, confirming the poor performance of the gas analyzer. Due to this 
problem, LE is calculated in the rest of the paper as Rn-H-G. This choice may lead to higher LE values 
than real. Anyway, the fact that H values for rice fields proved to be very low probably reduces the extent 
of the overestimation. 
3.2. Measured versus modeled ET fluxes 
Fig 4 shows the trend of LE hourly values estimated by models described in Section 2 and "measured" 
by the eddy station (LE=Rn-H-G). In the figure only daytime time steps (Rn>0) are considered.  
  
Fig. 4. Hourly pattern of measured (considering LE=Rn–H–G) and simulated (by Penman-Monteith type models) LE for the 
intermittent (T3) and the traditional flood (T2) irrigation treatments in the period 31/07 – 30/08 
 
Fig. 5. Measured (considering Rn–H–G) versus simulated (by Penman-Monteith type models) hourly LE values for the intermittent 
(T3) and the traditional flood (T2) irrigation treatments in the period 31/07 – 30/08 
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A very good agreement between measured and simulated data is found for the treatment irrigation T3, 
while a slight overestimation of the simulated values compared to the measured ones is highlighted for 
the treatment T2. These observations are confirmed by the slope of the regression lines shown in Fig 5 
and may be explained, among other factors, by the underestimation of G in the case of the flooded rice 
field, since it is estimated in the ET models as 0.1 Rn for both the irrigation treatments. The estimates 
obtained by the ET models and presented in this article represent only a first attempt, and will be refined 
in the next agricultural seasons using meteorological data (net radiation, air temperature and humidity, 
wind speed) measured over the rice fields rather than estimated from data collected on a herbaceous 
reference canopy. 
Fig. 6 shows the daily ET patterns and the cumulated ET seasonal amounts obtained applying PM type 
models at the three irrigation treatments. The cumulated ET values for the intermittent irrigation treatment 
(T3) show to be lower than the ET amount for the two flooded treatments (T2 and T1). This last two 
amounts are instead mutually comparable. 
 
 
Fig. 6. Daily ET and cumulated seasonal ET values simulated by Penman-Monteith type models for the three irrigation treatments 
over the entire agricultural season 
Table 1. Cumulated seasonal values of E (from soil and liquid surface), T and ET for the three irrigation treatments 
4. Conclusions 
This work explores the possibility of using only one eddy covariance system for monitoring fluxes of 
heat and water vapor in two rice fields watered with different irrigation methods and located in the 
Padana plain. The results of the monitoring are two discontinuous half-hourly ET data series. These 
datasets were used to validate hourly ET data series obtained by the application of Penman-Monteith 
(PM) type models to the data collected in the fields characterized by different irrigation managements- 
The results confirm the feasibility of the experiment under the climatic conditions of the study area, 
since approximately 10% of the daytime data monitored by the eddy covariance station comes from each 
one of the two experimental fields (for more than 90%). Unfortunately in the agricultural year 2012, the 
eddy instrumentation was installed late in the season (18/07) and the LE estimate was not sufficiently 
Irrigation treatment E suolo (mm) E acqua (mm) E totale (mm) T (mm) ET (mm) 
T3 (122 days) 67 (12 %)  67 (12 %) 501 (88 %) 568 
T1 (122 days) 37 (5 %) 67 (10 %) 104 (15 %) 574 (85 %) 678 
T2 (120 days)  40 (6 %) 100 (14 %) 140 (20 %) 551 (80 %) 691 
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accurate. This flux was subsequently calculated as the residual of the energy balance (LE= Rn–H–G) and 
compared with the output provided by ET models. Considering that no calibration was conducted on the 
ET models parameters, the fitting between "monitored" and simulated data is satisfactory. Better 
estimates could be obtained by developing more appropriate empirical relationships between Rn and G, as 
well as by considering meteorological data measured on the rice canopy instead of over an herbaceous 
surface. Other model parameters may also require a calibration based on the observational dataset. 
The cumulative ET values over the entire agricultural season simulated by the models for the flood 
irrigation treatments (traditional and after sowing in dry soil) showed to be very close each other, while 
lower values were found in the case of intermittent irrigation.  
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